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SUMMARY OF FLIGHT DATA OBTAINED
FROM 0.12-5CALE ROCKET-POWERED MODELS OF THE

CHANCE VOUGHT REGULUS II MISSILE*

TED NO. NACA AD 398

By Andrew R. Wineman
SUMMARY

The longitudinal static and dynamic stability, the overall duet per-
formance, the drag, and some static and dynamic lateral-stability data
" were ascertained by flight tests of 0.12-scale models of the Chance Vought
Regulus 11 missile over a Mach number range of 0.8 to 2.1 and a Reynolds

number range of 3 x 10~ to 12 x 10”. Five models were employed: two non-
instrumented drag models; two longitudinal-stability models, of which one
was the basic configuration and the other was modified with canard trim-
mers and a low dorsal fairing; and one lateral stability model with a
vertical-tail area twice as large as that of the basic configuration.

Adding fixed canard trimmers, deflected 10°, to the basic configura-
tion (1) had negligible effect on the 1ift and reduced the static stabil-
ity by about 15 percent at supersonic speeds, (2) increased the damping
in pitch about 35 percent, (3) reduced the large negative pitching moment
at zero 1lift at supersonic speeds, (L) improved the performance of the
duct from subsonic speeds to a Mach number of 1.6, and (5) increased the
minimum drag 6 percent at a Mach number of 2.0 and L2 percent at a Mach
number of 0.9. Large, stable values of both the static and dynamic lat-
eral derivatives were obtained from the lateral-stability model by a
vector method at a Mach number of 1.8. A qualitative analysis indicated
that as a result of a partial fin failure the lateral model rolled at
rates above the resonance in yaw sufficient to induce strong cross-
coupled motions.
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Title, Unclassified.
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At the request of the Bureau of Aeronautics, Department of the Navy,
tre external aerodynamics and duct performance of the Chance Vought
Regulus II (XRSSM-N-9) missile were investigated by the National Advisory
Cormittee for Aeronautics.

The Regulus IT is a turbojet-powered, surface-to-surface missile
which can be launched from ship or submarine at medium-range targets and
cruise at speeds near a Mach number of 2.0. The missile has no horizon-
tal tail and incorporates a nose of high fineness ratic, thin swept
wings of low aspect ratio, a highly swept vertical tail, and a sccop
inlet with an oblique shock diffuser.

Longitudinal and lateral static stability and control characteris-
tics have been determined from a 0.065-scale model tested in the Langley
4~ by L-foot supersonic pressure tunnel at Mach numbers of 1.4l1, 1.61,
and 2.01. These data are presented in references 1 and 2. Zero-lift
drag of the missile was cbtained for a Mach number range of 0.8 to 2.2
from flight tests of two rocket-boosted models and reported in refer-
ence 5. Wind-tunnel tests were also made at the Lewis Laboratory to
investigate the characteristics of several underslung scoop inlets at
Mach nurbers of 0.66, 1.5, 1.8, and 2.0, and the results are reported
in references 4 and 5. The longitudinal and lateral static character-
istics of a 0.065-scale model of the modified Regulus II were investi-
gated at Mach numbers of 1.60, 1.80, and 2.0 and reported in reference 6.
Longitudiral static and dynamic stability data were obtained from a

light test of a 0.12-scale rocket-powered model for a Mach number range
of 0.8 to 2.1 and reported in reference 7. Additional flight-test data
have been obtained from two similar rocket-powered models, one a
longitudinal-stability model incorporating small canard trimmers, and
the other a lateral-stability model with an oversized vertiecal tail. It
is the purpose of this paper to summarize the rocket-model tests of the
Regulus II by combining this additional free-flight data with the data
published in references 3 and 7. Rocket-boocsted models were tested at
the Langley Pilotless Aircraft Research Station at Wallops Island, Va.

SYMBCLS

Whenever possible the letter symbols recommended by the American
Standard Association in the publication "Letter Symbols for Aercnautical
Sciences," ASA Y10.7-1994, were enmployed.
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T a dampingeComstarts Peoyav® ffed *3s 2% 1/sec
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0::::0 b wing span, ft, or vertical-tail height above model center
. line, ft
.:..0:
c chord of airfoil, ft
c mean geometric chord, ft
g acceleration due to gravity, 32.2 ft/sec2
IX,IY,IZ mass moment of inertia in roll, pitch, and yaw, slug-fte
. . 1 2
Iyy product of inertia, §<IZ - IX>tan 2¢, slug-ft
(L/D)maX maximum lift-drag ratio for zero control deflections
1 length from leading edge of ¢, positive rearward, ft
¢ M Mach number
- m mass of model, slugs
P period of free oscillation, sec
p,q,Tr components of angular velocity about X-, Y-, and Z-axis,
respectively, radians/sec
D pressure; free-stream static pressure when used without a
subscript, 1b/sq ft
D, ' pitot stagnation pressure, 1lb/sq ft
q dynamic pressure, % pM2, 1b/sq ft
R Reynolds number based on ¢
S total wing area, sq ft
t time, sec
tl/2 time required for model oscillations tc damp to one-half
a amplitude, sec

- -
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X,Y,Z

x)y’z

velocilg, Sifssc, s o, .0 W0" 3807 230737y

model ﬁéfgﬁt; LS
ratio of mass {low of air through the duct to mass flow of

air through a free-stream tube of area equal to the inlet
capture area A;

orthogonal body axes with the origin at the model center of
gravity and the X-axis parallel to the model center line;
positive forward, tc right when looking forward, and down-
ward, respectively

distances in X, Y, and Z directions

angle of attack. deg

angle of sideslip, deg

ratio of specific heats of air

rate of change of flight-path angle with time, radians/sec

increment in a quantity

angle between principal axis and X body axis, positive when
prinicpal axis 1s displaced above the X body axis, deg

fraction of critical damping in pitch of nonrolling model

fraction of critical damping in yaw of nonrolling model

projected angle between local chord and root chord of a
twisted wing for a unit lift load, deg/lb

components of angular displacement from a given attitude
about the X-, Y-, Z-axis, respectively

frequency of lateral oscillation, radians/sec
nondimensional undamped natural frequency in pitch of a
nonrolling mocdel (ratio cf pitching frequency to steady-

rolling frequency)

nondimensional undamped natural frequency in yaw of nonrolling
model (ratioc of yawing frequency to steady-rolling frequency)
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Cy, 1ift coefficient, Lift
aS
C, rolling-moment coefficient, Rolling moment
qSb
Cm pitching-moment coefficient, Pitching Toment
gsSce
Cmo pitching-moment coefficient at zero 1lift
Cn yawing-moment coefficient, Yawing moment
qSb
Cy lateral-force coefficient, Lateral force
QS
oCy
CYB = SE—, per radian
CZB = 3% , per radian
ac
Cl = ——, per radian
p b
5
2v
oc
C, = L , per radian
lr S xb
2v
acy,
CLOL = -—=, per degree
aC
Cp = aam, per degree
o}
ac
Cmq = T , per radian
o 8¢
2v
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2V
aC
Ch. = —2 per radian
B oB
oC
C = ——?—, per radian
“p 3 ¢b
2V
aCy, )
C%~: , pber radian
2v
aC
Cn- = gb’ per radian
g =
2V
CL, lift-curve slope for rigid wing
Ay
Cr, lift-curve slope for elastic wing
e

A dot over a quantity indicates first derivative with respect to
time; a double dot indicates second derivative with respect to time.

Ratios of the amplitudes of envelopes of oscillations are expressed

Cy ¢ A
by [Er s ‘E], ete.

Subscripts:

ac aerodynamic center
cg center of gravity

d duct

e exit

i internal or inlet
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DESCRIPTION QF MODELS

Five O.i2-scale models of the Regulus II missile, constructed by
Chance Vought, were used in the flight-test program; two for longitudinal
stability, one for lateral stability, and two for zero-lift drag. The
geometry of each mcdel is shown by sketches in figure 1. Model coordi-
nates and the duct area distribution are listed in tables I, II, and III.
The weights, center-of-gravity locations, and moments of inertia are
listed in table IV. Photographs of the models and of the launcher are
shown in figure 2.

The fuselage was basically a body of revolution with a moderate
boattail and a nose fineness ratio of 4.50. It was built in three sec-
tions of laminated mahogany and aluminum castings. The wings and canard
trimmers were of steel and the fins were of aluminum; all were finished
within a few thousandths of an inch to the coordinates given in table III.
The scoop-type inlet was built from an aluminum casting but most of the
duct and boundary-layer bleeds were molded from fiber glass. The base
area of the model was proporticnally larger than that of the missile to
insure sonic velocities near the duct exit. The ratio of base annular
area to total wing area was 0.0237. A sketch of the longitudinal cross
section of the duct is shown in figure 1(e).

Model 1

Mcdel 1, shown in figures 1(a) and 2(a), was disturbed in pitch by
seven pulse rockets with a thrust impulse of 20 pound-seconds each. A
ventral fin, of the same airfoil section and plan form as the vertical
tail, was added to suppress cross-coupled motions between the pitch and
yaw planes by increasing the lateral stability of the model.
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Model 2 was used to determine longitudinal stability of a later
version of the Regulus II configuration. A sketch of this model is
shown in figure 1(b) and a photograph in 2(b), and details of the small
canard trimmers are shown in figure l(e). The canard trimmers were
fixed at a deflection of 109, this area was about 2 percent of the
exposed wing area, and this span was slightly less than the maximum body
diameter. Except for a control housing and canard trimmers, model 2 and

model 1 were geometrically similar. Coordinates of these modifications
are listed in tables II and III.

Model 3

\ three-view sketch of model 3 is shown in figure l(c), a photo-
graph of the model in figure 2(0), and a phrotograph of the model-booster
combination in figure 2(d). Since this model was used to investigate
lateral stability of the Regulus II configuration, pulse rockets were
located to disturb the model in yaw; six were mounted in the nose of the
model. An oversized vertical tail was employed in lieu of a ventral
fin; otherwise model 3 was similar to model 1. The vertical tail was
designed large enough to furnish the same static directional stability
as the full-scale missile-autopilot system. During manufacture, a sec-
tion on the right side of the vertical tail was inadvertently undercut;
it was then filled with a hard plastic. The affected area is visible
in figure 2(d). The maximum depth of the filled undercut was estimated
to be 1/4 of the local thickness of the fin. This filling came out in
flight, probably because of the flexibility of the fin.

Models 4 and 5

Models 4 and 5 were as nearly identical as possible and were both
used to determine total drag. A sketch of models 4 and 5 is shown in
figure l(d). These models did not have ventral fins but were geometri-
cally similar in other respects to model 1. The drag models were tested
with a forward center-of-gravity location to insure sufficient static
stability for a nearly zerc-lift flight path. Neither mcdel ccntained
any instrumentation but each had a smokepot to aid the radar operators
in tracking the model as the booster separated.

INSTRUMENTATION

Models 1, 2, and 3 were equipped with a standard NACA telemeter to
transmit ten continuous measurements to the ground during flight.
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Models 4 and 5 contadhed no-%ehemegeg equigrefts, Al Lanodes s were
tracked by two ground rq@qr'uplm 'a:mod’lf.ued-S&R i%-to'detemlne the
position of the model in space, and a CW Doppler unit to measure its
line-of-sight velocity. Ambient pressure, temperature, dew point, and
velocity of winds aloft were measured by a rawinsonde balloon launched
immediately after each model flight.

Models 1, 2, and 3 were instrumented to measure angle of attack,
angle of yaw, normal acceleration, transverse acceleration, longitudinal
acceleration, pitot stagnation pressure, duct total pressure, duct static
pressure, base pressure, and an angular acceleration. The angular
acceleration in pitch was measured for models 1 and 2, but the angular
accelerometer in model 3 was used to determine roll acceleration. An
average roll rate was obtained by measuring the angular rate of the
polarized telemeter signal receilved from the model.

Total pressure in the duct was measured by a slotted integrating
total-pressure rake. The duct static pressures was measured by four
manifolded static-pressure holes located around the periphery of the
duct at the measuring station. The location of these pickups in the
duct is shown in figure l(e). The location of the holes in the annulus
of the base, manifclded to measure an average base pressure, is also
shown in figure l(e). The duct static pressure of models 1 and 3 was
measured directly. The duct total pressure was determined from the
measured difference between the duct static and the duct total pressure.
The accuracy of the duct measurements of model 2 was improved by using
low-range gages to measure the difference between the free-stream pitot
pressure and the duct static pressure and also between the free-stream
pitot pressure and the duct total pressure. Additional accuracy of the
pressure measurements was obtained for model 2 by eliminating the base
pressure pickup and using this telemeter channel for a low-range pres-
sure cell on the free-stream pitot pressure pickup in conjunction with
the existing high-range pressure cell.

TESTS AND ANALYSIS

Tests

Models 1, 2, 3, and 5 were all boosted to supersonic speeds by a
pair of solid-propeliant Deacon rocket motors. The booster, shown in
figure 2(d), was typical of all models except model 4, which was boosted
by a single Deacon unit. Each motor supplied about 6,000 pounds of
thrust for 3 seconds. When the booster motors exhausted their fuel,
the booster separated from the model by vitue of its higher deceleration
along the flight path. Pulse rockets, igniting in a predetermined
sequence, disturbed the model from its trim condition as it coasted to
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ity parameters were btalned frep rgnsitnt,*firtes hidasuved during the

time the model oscilLatéE.freely about the trim angle of attack or angle
of sideslip.

Flight conditions of each model throughout the test Mach number
range are shown in figure 3%: the ratio of ambient static pressure to
sea-level standard pressure in figure 3(a), the Reynolds number based
on the mean geometric chord of the wing in figure 3(b), and the Mach

number range corresponding to each pulse rocket and separation disturb-
ance in figure 3(ec).

The right wing, the vertical tail, and the ventral fin of each
model were statically loaded at various spanwise stations along the
quarter-chord and half-chord lines. Dial gages located at the leading
and trailing edges of the wing, or fin, were used to measure the twist
and the displacement of the local chord with respect to the root chord
at four or five stations along the span. The structural influence coef-
ficients 8/L (twist per unit bending load) of each lifting surface
were determined from these static tests and are presented in figure 4.

Reduction of Data

Aercelasticity.- The aeroelastic properties of the wing were cal-
culated for the test Mach number range by the method of reference 8.
The ratio of the lift-curve slopes for rigid and elastic wings and the
forward shift of the aerodynamic-center location resulting from wing
flexibility were calculated and are shown in figure 5. These calcula-
tions required the measured twist of the wing for a unit bending load
(fig. 4(a)) and the theoretical span-load distribution obtained for
various Mach numbers from references 9 and 10.

The ratio of rigid to elastic lift-curve slopes and the shift of the
aerodynamic center were not calculated for the vertical fins. The lon-
gitudinal models had sufficient directional stability for the elastic
condition and data from the lateral model were qualitative since part
of the vertical tail was lost in flight. However, the influence coeffi-
cients of the vertical fins are included in figure 4 for general
information.

Longitudinal stability.- Static and dynamic stability parameters,
calculated by methods descrived in reference 11, were obtained from the
short-pericd pitch oscillations of the model after the disturbances that
occurred at the Mach numbers shown in figure 3%(c). All angles, forces,
and moments measured in flight were referred to the center of gravity
of the mcdel. Forces, moments, and duct pressures were converted to
nondimensional form, and results similar to the samples shown in

Sy
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figure 6 were cbtainele f:or gaeh. osclnazw'n. .Tﬁe peprod°agd the loga-
rithmic decay of the'peaﬁuréd.t!anéhent-fonces Weres \8%0d°tn a two-
degree-of -freedom analysis to determine average values of Cma and

+ Cm&
total pitching moment, without the damping moments, was obtained from
the measured pitching acceleration § by the following relation:

C for the range of angle of attack obtained in flight. The
q

Y (1)

The last term was negligible and was eliminated from the calculation;

the pitching velocity g, used in the equation to account for the damping
moments, was obtained indirectly from measured values of a and normal
acceleration. Sample variations of Cn, and Cp are presented in

figure o(b).

Duct.- The total-pressure recovery of the duct, or the ratio of the
averagg_auct total pressure to the free-stream total pressure, was deter-
mined by measuring pressure differences as described in the section
entitled "Instrumentation” and by applying the adiabatic ratio of the
free-stream total pressure to measured pitot stagnation pressure. Once
the static pressure in the duct was determined, the mass-flow ratio
could be calculated by the following relation:

p.A.M / \
PaaMq
¥ o 2 } (2)

The Mach number in the duct was determined from the measured static and
total pressures. The reference inlet area (A; = 6.68 square inches)

was the cross-sectional area of the duct projected to a plane perpendicu-
lar to the model center line at the inlet lip, station 36.5L. At sub-
sonic speeds the cross-sectional area at the measuring station was Ay

in equation (2). However, when the duct exit was certain to be sonic, at
flight Mach numbers greater than M = 1.1, it was found that w/wo could
be obtained more accurately by assuming that a normal shock, My = 1.0,
existed near the duct exit. The static pressure near the duct exit was
cbtained from the measured duct total pressure and adiabatic channel
relations, assuming a l-percent loss in total pressure between the meas-
uring station and the minimum station. Since all pressure measurements
were ccntinuous, the variations of the total-pressure recovery pt,d/pt
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plots, chosen to show greatest Varlatlons, are shown in figures 6(c)
and 6(d).

Drag.- Total drag coefficients were obtained from accelerometer
data for models 1 and 2 and checked with data from CW Doppler radar
after corrections for wind and flight-path angle were made. Drag data
of models 4 and 5 were determined from radar data alone. Sample varia-
tions of the total drag of models 1 and 2 are shown in figure 6(e).
Total drag includes internal drag of the duct, any spillage drag caused
by the overflow of air at the inlet, and base drag. The internal drag
and base drag of the model are subtracted from the total drag, since
the internal duct rearward of the diffuser and the base annulus area
are not the same as in the prototype. The remaining drag, which includes
any spillage or additive drag, is referred to as external drag.

Tre internal drag is determined from the momentum loss between the
entrance and exit of the duct while the model is at the angle of attack
for minimum drag. Once the mass-flow ratio, the exit Mach number, and
the exit pressure of the duct are known it is possible to calculate the
internal drag coefficient by the following relation:

A, M2 )l
Co . o= 5“2{1 i Esk_e\ Pe - p} (3)
ypM? |

As in the case of the mass-flow ratio, the static pressure at the exit
was obtained from the measured duct total pressure and transferred to
the exit by means of the appropriate area ratios, assuming a l-percent
loss in total pressure resulting from friction over the distance from
the measuring station to the exit station. Xnowing the Mach number at
the exit, the static pressure at the exit may be obtained from adiabatic
gas relations. The internal drag may be determined for the condition

in which the exit of the duct is not choked (Md < 1.0 at minimum-area

station near exit) by assuming that the exit static pressure is equal

to the base pressure measured on the annulus. Since the base pressure
was not measured on model 2, the exit pressure at subsonic speeds was
determined from the pressure coefficient of the base annulus of model 1.
These average, nondimensional pressure coefficients of the base were
converted to base drag coefficients and used with the internal drag
ccefficients to obtain the external drag of model 2 from the total meas-
ured values.

By assuming the drag polars to be parabolic (this was permissible
since CD varied linearly with CL2 over the angle-of-attack range of

the investigation), it was possible to calculate (L/D)j,, of the model

N
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and tre 1ift coefflciiguszfn..(§ZP)§g&.:‘d§§1§pgbed: < 2y the fol-
lowing relations:
}'-' — . |
s C
: D .
CL" _ H<CL')2 + mln2 - ¢y (1)
J dCD/éCL
_ 1
(L/D) oy = B (5)
2 - C "
> L
dCL
where the minimum drag coefficient Cp , the lift at Cyp (desig-

min min
nated CL'), and the drag due to 1ift dCD/dCL2 were known. It should

e remembered that the value of (L/D)max calculated by this method is

dependent upon the origin of the inputs into the equations.

Lateral stability.- Average values of CYB, Clr’ ClB, Cnr - Cné,

and CnB were determined for model 3 at M = 1.8 Dby a vector-analysis

method developed in reference 12. These coefficients were calculated by
using vector solutions of the equations of motion describing the side
force, rolling moment, and yawing moment of the model and the essential
features of the oscillatory, or Dutch roll, part of the lateral response
of pulse-rocket disturbances in the yaw plane. The characteristics of
the oscillation used to solve for the magnitude and direction of the
unknown vectors were: the period, the damping factor, the slope of the
lateral-force ccefficient, the phase angle (or time lag between the
angle of sideslip and the lateral force and also between the angle of
sideslip and the angular acceleration in roll), and the ratio of the
maximum amplitudes of the sideslip transient to the maximum amplitudes
of the transients of lateral force and rolling acceleration. Vectors
representing the time derivatives and integrals of measured displace-
ments, velocities, and accelerations were cbtained directly as functions
of the rotating frequency of the vector and the damping of the transient.
The weight vector was assumed to be negligible, the slope CYB was

obtained directly from the cross plots, the angle of attack in radlans
was an average value for the duration of the oscillation, and the roll
rate was the integral of the measured roll acceleration.
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Only the data resulting from the first pulse rocket could be ana-
lyzed bty the method of reference 12 since the rolling velocity of
model 3 reached high rates and the lateral mode of the motion coupled
with the longitudinal mode. The divergence boundaries of model 3 were
calculated by the method of reference 13, using the measured values of
the pitch parameters of model 1 and estimating the lateral parameters
of model 3 with the help of reference 1 and some unpublished wind-
tunnel data.

Accuracy.- The accuracy of a set of data is often difficult to
determine since it involves not only an estimation of the precision of
the measured quantities but also an estimation of the systematic and
accidental errors encountered in reducing the data tc final form. The
reliability of data is often substantiated by comparison of results
cktained by using different testing techniques, or by the repeatability
of results cbtained by using the same technique. ZExperience has shown
that, when such comparisons can be made, the magnitude of the accuracy
is indicated by deviations of the results. However, a theoretical
accuracy can be calculated by several methods, such as mean-sguare error,
probable error, or average error. The accuracy of the data used herein
was calculated by the method of probable error as described in refer-
ence 14. The method is outlined in the appendix and the results for
models 1, 2, and 3 are shown in table V.

RESULTS AND DISCUSSION

Lift

Sample plots of the 1ift coefficient as a function of angle of
attack for models 1 and 2 are presented for three representative Mach
numbers in figure 6(a) to indicate the range and linearity of these
variables. Over the largest range of angle of attack, about 20° at
M = 0.9, the 1ift curve varied less than 3 percent from a straight line.

The lift-curve slopes of model 1 and model 2 and slopes obtained
from the wind-tunnel data of reference 1 are presented in figure T.
These data for medels 1 and 2 were obtained from measured cross plots
similar to those shown in figure 6(a) and represent the elastic loads
of the models; however, the lift-curve slopes obtained from reference 1
were essentially rigid-wing data. The ratio of rigid to elastic CLOL

of the flight model was shown in figure 5(a). The lift-curve slope
decreased from about 0.065 at M = 1.0 to 0.041 at M = 2.0. It can
be concluded that there was good correlation between the 1ift data for
the two flight tests and the wind-tunnel test at supersonic speeds. It
can also be seen from figure 7 that the effect of the canard trimmers

S—
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on the lift-curve slope was small, except possibly at low transcnic
speeds. It was difficult to determine any flow mechanism that would
produce a loss in the lift-curve slope at these speeds but the differ-
ence in the overall configurations of models 1 and 2 was evidently suffi-
cient to produce this change in CLa'

Static Stability

Tre static longitudinal stability of models 1 and 2 is shown in
figure . The period of the measured pitch oscillations is shown in
figure 8(a), the nondimensional spring constant of the airframe in
figure 8(b), and the location of the aercdynamic center in figure 8(c).
The longitudinal location of the center of gravity relative to the wing
was the same for both models, forward of the leading edge of the mean
geometric chord by 45.2 percent of the mean gecmetric chord. With the
ventral fin, the lateral stability was sufficient at supersonic speeds
to limit the angle of sideslip to less than %0 and the roll rate to less

than 1 radian per second. At transonic and subsonic speeds the maximum

angle of sideslip was less than l%o and the roll rate was less than
2 radians per second,. .

Tre period shown in figure 8(a) was obtained from transients where
the pitching moment varied linearily with the 1ift. Both the period and
Cma indicated that model 2 was more stable than model 1 at transonic

speeds but slightly less stable than model 1 at superscnic speeds. Thus,
when small fixed canard trimmers and a dorsal fairing were added to the
basic configuration, Cmu increased negatively by as much as 46 percent

at M = 1.0 and decreased about 15 percent at supersonic speeds. OSince
the prototype will be flown at a static margin near zero for larger
response, the loss in Cma resulting from the canards is not critical

at supersonic speeds, and it is desirable from an automatic-control
standpoint to have a smooth variation of Cma throughout the speed

range of the missile. It would be easier to match the characteristics
of the autopilct to the airframe aercodynamics if Cma varied through’

the transonic region as for model 2 than if it varied as for medel 1.

The location of the aerodynamic center with respect to the leading
edge of the mean geometric chord is shown in figure 8(c). At supersonic
speeds the aerodynamic-center locations ¢f both models 1 and 2 were
fairly constant, that of model 1 at 0.35C and that of model 2 at 0.25C.
The tunnel tests indicated that for a rigid wing the aerodynamic center
would be about 0.07¢ forward of the flight-test values. At M = 0.9
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the aerodynamic center of model 1 was at about 0.10¢ and for model 2 it
was at about 0.05€. The variation of the aerodynamic-center location
with Mach number was improved throughout the transonic region when canard
trimmers and a body failring were added to the basic configuration.

Dynamic Stability

The longitudinal dynamic stability of models 1 and 2 is demonstrated
in figure 9. The time required for the maximum amplitude of the pitching
transients to reduce to ocne-half of a given value, for the particular
flight conditions of models 1 and 2, is shown in figure 9(a). To give
a nondimensional value of the damping in pitch, the rotatory damping
derivative Cmq + Cmd is presented in figure 9(b).

When Cmq + cmd was compared with the damping-in-pitch data of

some twenty configurations of reference 15, it was apparent that models 1
and 2 generally had better damping in pitch than the tailless configura-
tions, and damping comparable to that of most configurations that had

a horizontal tail or used canard surfaces. The damping data of fig-

ure 9(b) followed the trend associated with wings incorporating low
angles of sweepback - that is, a lower value of damping at transonic
speeds than at the low supersonic Mach numbers. However, as shown in
this figure, both models 1 and 2 were dynamically stable throughout the
range from M = 0.8 to M = 2.0. The variation of the damping in pitch
with Mach number is often more important than the absolute magnitude for
a missile requiring an automatic control system. The damping-in-pitch
derivative of model 1 varied from -6 to -1k, and that of model 2 varied
from -8 to -19.

When the airframe damping i1s small compared with that required of
a missile in a controlled maneuver, as it is in this case, these varia-
tions lose their significance since a large percentage of the required
damping is added artificially. On an average the damping of model 1 was
about 5 percent of its critical damping and that of model 2 about 6 per-
cent of ecritical, but the total damping required for the tactical missile
may be as much as 50 percent of critical.

Trim

The trim angle of attack, the trim 1ift coefficient, and the
pitehing-moment coefficient at zero 1ift are shown in figure 10 for the
test Mach number range of models 1 and 2. These were the angle of
attack and 1lift measured when the total pitching moment, corrected for
the damping moment was zero. These trim values correspond to the steady-
state part of the transients of o and Cy. All data were measured for
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the center of gravity located at 0.45¢C ahead of the leading edge of C.
(See figs. 1(a) and 1(b).)

The trim 1ift coefficient of model 1 was relatively large at super-
sonic speeds. (See fig. 10.) When the center of gravity was located
at the leading edge of the mean geometric chord, as in reference 1,
excessive negative elevon deflection would be required to maintain
trimmed level flight at altitude and the extra drag associated with
these elevon deflections would reduce the effective range of the missile.
To combat these difficulties two sizes of small canard trimmers were
located well forward on the nose and tested in the 4- by 4-foot super-
sonic pressure tunnel at M = 2.01L (ref. 2). It is quite apparent from
figure 10 that the small canard trimmers of model 2 (fixed at a deflec-
tion of 10°) were effective in changing the trim to a more favorable
value. For the particular stability of the flight model, the canards
increased the trim angle of attack about l%o throughout the Mach number

range. Reference 2 indicates that the control housing was slightly
detrimental to the trim 1ift at M = 2.0, although it had a negligible
effect on the total 1lift and drag of the airframe. It was possible

that the control hcusing may have been responsible for the slight irreg-
ularities noted in the trim characteristics of model 2 at supersonic
speeds.

The pitching moment at zero 1lift Cmo is a function only of the

aerodynamic shape of a configuration and is not dependent upon the
longitudinal location of the center of gravity. The amount of control
deflection required to pitch a missile to a predetermined trim is
largely dependent upon the value of Cmo. Since cruise missiles fly

at constant altitudes it is often desirable to have a configuration for

which the aerodynamic flow produces a positive Cmo of sufficient mag-

nitude to obtain the cruise 1lift coefficient without deflection of the
controls.

Aside from some variations at transcnic speeds, Cmo for both

models 1 and 2 was regular with Mach number and nearly constant above
M = 1.6. However, because of the underslung inlet and duct, Cmo for

the basic configuration was negative at all Mach numbers. (See curve
for model 1 in fig. 10.) About 12° of elevon deflection would be
required to offset Cmo before any elevon power could be used to

obtain a positive trim 1ift. With the small canard trimmers, only
about 2° of elevon deflection would be required to obtain positive 1lift
at supersonic speeds; however, Cmo in the transcnic regime is not

improved. In conclusion, the negative value of Cp for model 1 was
0

S
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too large for efficient cruise at supersonic speeds, and adding the
canard trimmers reduced C to nearly zero at supersonic speeds but

Mo

increased it at low transonic speeds.

Duct

The inlet of models 1 and 2 operated satisfactorily throughout the
test Mach number range of 0.8 to 2.1; however, the duct data of model 3
were obviously erroneous at Mach numbers less than 1.8, and therefore
are presented only for M = 1.8 to M = 2.0. The total-pressure recov-
ery and the mass-flow ratio, averaged across the duct at its largest
cross section, were used to indicate the performance of the duct and
are shown in figure 11. The infiuence of angle of attack on the pres-
sure recovery and the ratio of the mass flows, at three representative
Mach numbers, is shown in figures 6(c) and 6(d), respectively.

Since the scoop inlet was designed for cruise near M = 2.0, a
supersonic diffuser was utilized in lieu of a normal-shock diffuser to
reduce inlet spillage and to increase the pressure recovery. The amount
of total free-stream pressure that can be recovered by the inlet-
diffuser-duct system is dependent upon the losses in that system. These
include shock losses, losses due to slip regions in the diffuser behind
intersecting shock waves, and losses due to turbulence in the subsonic
part of the duct. When the kinetic energy of a flow is transformed
intc potential energy by means of a supersonic diffuser, a different
flow pattern will exist at the inlet for almost every combination of
back pressure and Mach number. Shock patterns believed to have formed
on the inlet of the flight model as it decelerated through the speed
range are shown in sketches in figure 11(b). An excellent treatise on
the flow mechanism of this type of duct can be found in the analysis
section of reference 16.

Consider the four Mach number regions indicated by the sketches in
figure 11 and note the changes in the nature of the pressure recovery
and the mass-flow ratio at M = 1.k, 1.6, 1.8, and 2.0. It was believed
that the character of the flow in end around the inlet significantly
changed near these Mach numbers. Since the supersonic flow was started
through the diffuser at the maximum Mach number, which was obtained
when the model separated from the booster rocket, the flow will be dis-
cussed for regions of decreasing Mach number -~ first from the maximum
to M = 1.8. For this entire region the flow was believed to be super-
critical, becoming more nearly critical as the speed decreased to
M = 1.8. This was substantiated by the pressure recovery and mass-flow
ratio for critical flow as determined by the wind-tunnel tests of refer-
ence 5, which are included in figure 11 for comparison. Normal-shock
recovery and the theoretical maximum recovery of the duct (an inclined

~
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shock plus a normal shock within the duct) were also calculated to
establish a reference for the flight-test data. In this supercritical
flow regime the oblique shock, emanating from the wedge of the lower
lip of the inlet, covers the entire inlet face and prevents any of the
flow from spilling outward from behind the shock. As the Mach number
(or the free-stream stagnation pressure) decreases, the transition
shocks moved upstream closer to the diffuser minimum and yielded a more
efficient system, as evidenced in figure 11(a) by the relative increase
in pressure recovery between M = 2.0 and M = 1.8. The fact that the
mass-flow ratio appears to be greater than 1 at M = 1.95 1is attributed
to the fact that the arbitrarily chosen capture area, used to nondimen-
sionalize the mass flow, probably did not correspond exactly with the
local flow that existed on the flight model at that particular Mach num-
ber. The actual mass flow through the inlet was the important parame-
ter. Critical flow, a condition in which a high recovery and a large
mass flow occur at the same time, was believed to exist at M = 1.9.
With respect to the normal-shock and the two-shock recoveries the pres-
sure recovery of the duct was a maximum and the mass-flow ratio was
near unity. From figure 11 it can be seen that at M = 1.9 the mass-
flow ratio was unity and the measured pressure recovery was 86 percent
of the free-stream total pressure while the normal-shock recovery was
T7 percent of the total pressure. The good agreement with the tunnel
data of reference 5 also indicates that the flow in the flight model
was nearly critical, particularly at M = 1.8. As the flight model
decelerated to lower Mach numbers the oblique shock on the inlet
steepened and air probably spilled outward from the inlet as the shock
lifted from the inlet face. As long as the shock reflected from the
boundary-layer splitter plate, this spilled air would decrease the
mass-flow ratio in the duct without any relative reduction of pressure
recovery. This was evidenced as the models slowed down from M = 1.95
to M = 1.80.

As model 1 decelerated through M = 1.8 (a slightly lower Mach
number for model 2) the inclined shock was no longer reflected from the
boundary-layer splitter plate on the roof of the inlet but formed a
normal leg forward of the splitter plate. This appreciably increased
the area available for spillage, and the mass flow of air entering the
duct was reduced abruptly, as indicated in figure 11(b). The pressure
recovery was alsc reduced relative to the normal-shock and two-shock
systems, indicating additional losses within the duct, probably as a
result of the slip planes originating from the intersecting shocks at
the inlet. As the Mach number became lower the shock continued to
approach more closely a normal-shock pattern over the inlet, the mass
flow became subcritical, and additional losses were encountered in the
duct since the pressure recovery came nearer to normal-shock recovery.
Since the measured pressure recovery was equal to the theoretical
recovery of a normal shock between M = 1.4 and M = 1.5, and since
the measured data included losses other than losses through a normal



NACA RM SL5E&H11 20

os se® L . ee e © 098 & 008 0O

® & © ® o o ¢ @ © L LI e o ® o

® & OO ® L d L4 ® L > o9 ® oo e @

e o o L4 Ld e e L d e o O o o L

N . . L X} ese e oee o o - o0 . o e ese oo
shock, it is reasonable to assume th normal shock covered the

L

1at the
entire duct at a Mach nmumber near M = 1.4. It should be noted that
for Mach numbers greater than M = 1.6 data from models 1 and 2 agreed
well within the accuracy of these tests, but for Mach numbers less than
M = 1.6 data from the two models differed by nearly a constant amount.
The gecmetrical difference between model 1 and model 2 was the canard
trimmers.

The general effect of the canard trimmers was to increase the per-
formance of the duct at all Mach numbers below M = 1.6, as evidenced
by the data in figure 11. It was shown from the tunnel tests of refer-
ence 5 that if the model was at an angle of attack of 0°, the angle of
attack of the flow just forward of the inlet was about 1°. Thus it was
reasonable to assume that there was a cross flow on the inlet ramp of
model 1, and in all probability the interaction of the downwash from
the canard trimmers of model 2 would reduce the magnitude of this cross-
flow sufficiently to increase the mass flow of the duct. It was noted
that at the design condition, M = 2.0, where an obligue shock was
across the entire face of the inlet, the pressure recoveries of model 1
and model 2 were nearly identical, indicating little or no difference
in spillage.

The duct data for model 3 agreed nearly exactly with the measured
data for models 1 and 2 over the Mach number range of 1.80 to 2.05, but
as the model decelerated from M = 1.8 a large and definite discon-
tinuity in the data suggested that the duct had become damaged. Although
no concrete cause for this relative increase in the measured mass flow
and pressure recovery could be established, it was suspected that loads
exerted by the oversized vertical tail below M = 1.8 distorted the
duct sufficiently to change the minimum area near the exit.

The performance of the duct was also sensitive to changes in
angles of attack, as shown by the data in figures 6(c) and 6(d). The
variation of the pressure recovery and mass-flow ratio seemed to fall
naturally into three categories, each dominated by a particular flow
pattern over the inlet: first, near the design Mach number where an
inclined shock was over most of the inlet; second, for Mach numbers
between 1.4 and 1.7 where the shock was a combination of an inclined
and a normal shock; and third, for Mach numbers less than M = 1.k
where a normal shock is detached from the inlet lip. Although the data
of model 1 showed some variation with angle of attack near the design
Mach number, both models 1 and 2 demonstrated the largest change between
M=1.45 and M = 1,61 at negative angles of attack. Both the pres-

sure recovery and mass-flow ratio increased approximately l% percent of

the value at a = 0° for each degree of increase in angle of attack.
In general the duct data for model 2 was less sensitive to change in
angle of attack than the data for model 1. Except for the region
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between M = 1.4 and M = 1.6, the data from model 2 could be considered
constant with angle of attack.

The flow in the duct of each flight model was considered stable over
the test ranges of Mach number and angle of attack. Between M = 1.5
and the maximum, the measured pressures of models 1, 2, and 3 fluctuated

by as much as u% percent of the free-stream total pressure; however,

most variations were less than 1 percent. If the variation is less than
5 percent, the duct is considered to have a stable flow condition. The
largest variations were random in nature and occurred at the peak Mach
numbers of models 1 and 2. The duct of model 3 pulsated at a steady fre-
quency corresponding to the natural bending frequency of the cversized
vertical tail but the amplitude was never greater than 2 percent. The
flow in the duct of model 1 was disturbed abruptly at M = 2 when one
of the pulse rockets discharged just forward of the inlet. Although a
sharp pressure jump was measured within the duct, the flow was reestab-
lished in a steady-state condition within 0.02 second, indicating a
relatively stable flow.

Drag

The measured minimum-drag coefficients of models 1, 2, 4, and 5;
the measured base drag coefficient of model 1; the calculated internal
drag coefficient of the duct; and the minimum external drag coefficients
of models 1 and 2 are all presented in figure 12. The drag due to 1ift,
the 1ift coefficient for minimum drag, the maximum lift-drag ratio, and
the 1ift coefficient for (L/D),,, are presented in figure 13. These

data were determined from curves of drag coefficient plotted against
1ift coefficient similar to the samples shown in figure 6(e). It should
be remembered that all controls were fixed, the canard trimmers at 10°
and the elevons at 0°. However, it is believed that the variation of
the total drag with Mach number, shown in figure l2(a), is a good indi-
cation of the variation of the trim data with Mach number. Measured
results from four independent flight tests of nearly identical configu-
rations of the Regulus II are shown in this figure.

The minimum-drag coefficient of model 1 nearly coincides with the
zero-1ift data of model 4 from M =0.8 to M =1.5. From M =1.5 to
M = 2.1 the data for model 1 agrees favorably with that for model 5.
However, from M = 1.50 to M = 1.75 the minimum-drag coefficient of
model L disagrees with the data of models 1 and 5 by an amount greater
than the estimated probable accuracy of the measured data. As explained
previously, the shock patterns at the inlet for this range of Mach num-
ber were quite variable and there probably existed some inconsistencies
of the local boundary conditions between the flights. This difference
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in drag could be caused by a reduction in spillage due to different con-
ditions at the inlet.

Canard trimmers and the fairing that simulated a control housing
were the only differences between models 1 and 2 (see fig. 1); however,
the minimum drag of model 2 was larger than anticipated over most of the
Mach number range. Figure 12 indicates that the minimum-drag coeffi-
cient for model 2 was only slightly larger than that for model 1 near
M = 2.0 but nearly 50 percent larger at subsonic speeds. It can be
seen from the estimated probable errors in table V that the minimum-
drag coefficient for model 2 was as reliable as that for model 1. It is
possible that unfavorable interference caused by the canard trimmers
and fairing could produce the increase in minimum drag noted between
models 1 and 2 at the lower Mach numbers, but unfortunately no compari-
sons from tunnel tests or flight tests were available for these speeds.
At lower Mach numbers this coefficient was considered high for the model
with the canard trimmers and fairing, although there was nothing from
the flight test to suggest that the errors were greater for this model
than for the flight models which showed good agreement. Fortunately,
during the part of the flight of model 2 for which the test data were
determined (M = 0.8 to M = 2.0), the Mach number was measured by two
independent techniques and these data agreed with each other within
one-half of 1 percent at supersonic speeds and l% percent at subsonic

speeds. Data from the longitudinal accelerometer was integrated along
the flight path to obtain velocity, and these values agreed within

1 percent with the velocity obtained from ground-based CW Doppler radar.
Although it was believed that the drag of model 2 was vindicated, an
explanation of the relatively large difference between the minimum drag
coefficients of model 1 and model 2 would be pure conjecture.

The internal drag of model 2, calculated from the total momentum
loss in the duct, agreed almost exactly with that of model 1. Although
the base pressure was measured only on mcdel 1, the base pressure coeffi-
cient of model 2 was assumed to have the same variation with Mach number.
In these tests the variation of base drag and internal drag was never

greater than 1 percent and 2% percent, respectively, of the minimum

external drag.

The external drag coefficient, shown in figure 12(c¢), was obtained
from the measured minimum drag coefficient corrected for the internal
and base drag ccefficients. No estimates were made for the additive
drag associated with the spillage of air from around the scoop inlet,
since this was considered part of the external drag and was therefore
not excluded from the measured data. The external drag coefficient of
model 1 varied from 0.024 at subsonic speeds to 0.045 at M = 1.3 and
reduced to 0.03% at M = 2.1. The values for model 1 were from 6 to
12 percent greater than the values from the tunnel tests of reference 1
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after the data were corrected for the mass flow of the flight model.

The external drag of model 2 was 6 percent greater than that of model 1
at M = 1.9, 17 percent greater at M = 1.3, and 42 percent at M = 0.9.
The wind-tunnel data of reference 2 indicated a 6-percent difference
between similar configurations at M = 2.0l. The minimum-drag coeffi-
cient of reference 6 agreed with the data of reference 2 at M = 2.0
but was slightly less than the data of reference 1 at M = 1.6. An
estimate was made of the drag due to lift of the canard trimmers of
model 2 when they were deflected 10° at subsonic speeds. This estimate,
which did not account for interference effects, was only about one-third
of the measured difference between model 1 and model 2.

The drag due to lift (fig. 13(a)) was obtained from the flight data
for models 1 and 2 and compared with the tunnel test data of references 1
and 2. The reciprocal of the lift-curve slope was also included for
cocmparison. The drag due to 1ift dCD/dCL2 of both models 1 and 2
varied from 0.25 at M = 1.0 to 0.38 at M = 2.0. At subsonic speeds
model 2 had more drag due to lift than model 1, apparently because
model 2 required a larger angle of attack to produce the same 1ift coef-
ficient. (See fig. 7.) As the data from the tunnel tests were compared
with the flight-test data, fair agreement was noted near M = 2.0, but
at M = 1.4 and 1.6, tunnel drag-due-to-lift values at zero deflection
were about 15 percent lower than the flight-test data. From figure 13(b)
it is interesting to note that the minimum drag occurred at a 1ift coef-
ficient of zero at supersonic speeds and at a slightly negative 1ift
coefficient at subsonic speeds. The canard trimmers of model 2 shifted
the minimum point of the drag curves to a more negative 1ift coefficient
than was obtained for model 1 at speeds less than M = 1.5. The maximum
lift-drag ratio and the 1ift coefficient at which it occurred are shown
in figures 13(c) and 13(d) for models 1 and 2. As evidenced by the
agreement between the measured and the calculated data, the maximum
lift-drag ratioc varies parabolically and the calculated values probably
represent the (L/D),,x &t zero elevon deflection even at the higher

Mach numbers. Over the test Mach number range, (L/D)max varied from
4 to 6 and occurred at 1lift coefficients from 0.3 to 0.5.

Lateral Stability

A vector-analysis procedure was used to determine the lateral sta-

bility derivatives CYB, C; , C;,and C, -C, at M= 1.8 for
p r r B

model 3. However, lateral-stability data were not obtained at Mach num-
bers other than M = 1.8 since there was a good indication that the
filling in the vertical tail progressively flaked off, causing trim
changes of sufficient magnitude to motivate instability when the second
pulse rocket ignited. Stability was regained almost immediately as a
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high rate of roll was induced through the strong dihedral effect and
sustained at a value near the natural yawing frequency of the nonrolling
model; the associated cross-coupled motion between pitch and yaw was
experienced during the remainder of the flight. The data used for the
analysis of the first yaw disturbance are shown in figure 14, the equa-
tions of motion and their vector solutions at M = 1.8 in figure 15,
the trim characteristics over the Mach number range in figure 16, and
the divergence boundaries of model 3 in figures 17 and 18.

The motions of model 3 resulting from ignition of the first pulse
rocket after the model separated from the booster were analyzed by the
vector method outlined in the section entitled "Reduction of Data" and
described in detail in reference 17. The measured data are shown by
the time histories in figure 14. The average slope of the lateral-
force coefficient CY for the portion analyzed was -1.63 per radian.

By using these quantities, the mass characteristics of the model, and
the equations of motion it was possible to construct the vector polygons
shown in figure 15. All angles were used in radian measure. In the
tables of figure 15 all vectors were considered positive and the sign
of the scalars was included in the phase angle from B. There were
three unknowns in the rolling-moment equation, but since the directions
of the vectors were known the magnitude of these vectors could be deter-
mined by assuming a value for the third. Because some unpublished tun-
nel data were available, the damping-in-roll derivative Clp was esti-

mated to be -0.404 per radian for model 3 and was used in the roll
diagram in lieu of Clr or CzB. Solving the vector diagram for Clr

and CZB yielded values of -1.13 and -0.308 per radian, respectively,

for M = 1.8. A similar situation existed in the yawing-moment equation;
CnB and Cnr - C,. were determined for three assumed values of Cnp-

The damping-in-yaw derivative Cnr - Cy. varied from about -5.0 to

B
-6.0; however, Cnﬁ remained nearly constant at 1.3 for the same range
ny*
compared with the tunnel data for the basic configuration as shown in

reference 1. As would be expected, the dynamic derivatives were also
large since the total area of the vertical tail was more than doubled.

of C

The static derivatives CY C ,and C were all large
g7 n 1

The trim angle of attack, the trim angle of sideslip, and the trim
lateral-force coefficient of model % are shown in figure 16. These
data were compared with data from model 1 to help to illustrate the
sequence of events that motivated the unforeseen behavior of model 3
during its flight. Models 1, 2, and 3 all vibrated at the organ-pipe
frequency of the plugged duct while attached to the booster. This
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staking action subsided on models 1 and 2 at the time of separation;
rowever, it continued for model 3, at a higher frequency, until shortly
after the second pulse-rocket disturbance. Prior to the flight test of
mcdel 3, the model was vibrated on an electrodynamic exciter to deter-
mine its natural structural frequencies and modes of vibration. It was
found that the vertical tail resonated in bending, with a nodal line
near the fuselage, at a frequency identical to the frequency later
measured during the boosted portion of the flight. The vibrations on
the booster were probably severe enough to shake some of the filler
from the undercut on the right side of the vertical tail (see fig. 2(d)),
and the resulting cavities may have induced buffet at some speeds after
separation. Because of the flexibility of the vertical fin, tail loads
resulting from the yaw disturbances would also tend progressively to
flake out the filler. Evidence of this is shown in figure 16 by the
steplike changes in the trim angle of sideslip; such trim changes were
not experienced by model 1 as it coasted to decreasing Mach numbers.
Corresponding to these trim changes, predominant deviations were meas-
ured in the mean values of rolling acceleration. Thus it appeared that
the steady-state rolling velocity was established by the out-of-irim in
sideslip through the strong dihedral effect of the oversized vertical
tail within the first few seconds after booster separation (ClB = -0.3

at M = 1.8). The first pulse rocket disturbed the model in the direc-
tion of positive B and the roll rate reduced almost instantaneously.
(Compare the steady-state roll rate of figure 18 with trim of fig. 16.)
However, between the first and second pulse rockets the trim angle of
sideslip increased negatively with a corresponding increase in roll
rate. By the time the second pulse rocket ignited (at M = 1.61), the
roll rate had increased to a steady-state value of 10 radians per second.
Tre disturbance from this pulse rocket caused the model to yaw to nega-
tive angies, which further increased the roll rate to a maximum steady-
state value of nearly 50 radians per second. Transient rates exceeded
£5 radians per second. For the remainder of the flight, model 3 oscil-
lated as though it were statically and dynamically stable although the
motion was strongly coupled between the pitch and yaw planes and large
trim changes were noted in all the measured quantaties. (See fig. 16.)
Since the influence of the vertical tail with part or all of the filler
removed was not known, and since some of the instruments were subjected
to quantities greater than six times their calibrated range at the maxi-
rmum roll rates, the cross-coupled motions were not analyzed.

Divergence boundaries of model 3 were calculated by the method of
reference 12 and are shown in figure 17 at M = 1.6. Boundaries between
stable and unstable regicns were calculated by using experimental pitch
parameters and estimated yaw parameters with a pitch damping of 5.5 per-
cent of critical and yaw damping of 6.6 percent of critical. The non-
dimensional undamped natural frequencies in pitch and in yaw for the
nonrolling missile, Wg and W, > were calculated for model 3 at M = 1.6
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for various roll rates from the parametric equations shown in figure 17.
The diagonal line in the boundary plot indicates the model stability for
various roll rates. It was found that model 3 was dynamically unstable
for roll rates between 31.4 and 38.8 radians per second but stable both
above and below these rates. The rolling velocities required to produce
resonance in pitch and yaw when damping is neglected Wy =Wy = 1} were

estimated for the test Mach number range and are presented in figure 18
with the measured roll rates. The stability boundaries without damping
(fig. 18) were very close to the values calculated with damping (fig. 17).
After the model reached angular velocities in roll greater than the non-
rolling yawing frequency, the response resulting from the remaining pulse
rockets was not large enough to reduce the roll rate sufficiently to

pass through the unstable region. Since the steady-state roll rate was
sustained at relatively high values (greater than 20 radians per second),
the cross-coupled motions persisted for the remainder of the flight.

SUMMARY (F RESULTS

The following results were cbtained from flight tests, over a Mach
number range of M = 0.8 to M =2.1, of five 0.12-scale models of the
Regulus II missile for a center of gravity located 45 percent of the
mean gecometric chord ahead of its leading edge:

1. Model lift, both with and without canard trimmers, was linear
with angle of attack and the lift-curve slope decreased from 0.065 at
M=1.0 to 0.04l at M = 2.0.

2. The aerodynamic-center location of the basic configuration was
constant at 35 percent of the mean gecmetric chord at supersonic speeds
and about 10 percent at M = 0.90. Canard trimmers reduced the static
stability about 15 percent at supersonic speeds.

3. The models were dynamically stable, and although the damping
was good for a tailless configuration it was still low - 5 to 6 percent
of critical damping.

4. The large negative pitching moment at zero lift measured on the
basic configuration at supersonic speeds was reduced to nearly zero by
the addition of canard trimmers. However, at low transonic speeds the
trimmers caused a negative increase in the zero-lift pitching moment.

5. At M = 1.9 +the mass-flow ratioc of the duct based on the cross-
sectional area of the duct projected to the inlet lip was unity, with a
pressure recovery of 86 percent. Although the canard trimmers had little
influence on the duct above M = 1.6, they improved the performance by
nearly a constant amount at Mach numbers less than 1.6.

ro
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&. The minimum external-drag coefficient of the basic configuration
was 0.024 at M = 0.8, 0.045 at M = 1.3, and 0.0%3 at M = 2.1. Canard
trimmers caused an increase varying from 6 percent at M = 1.9 to
42 percent at M = 0.9.

7. Vector solutions of the lateral motions of a model with a verti-
cal tail twice as large in area as that of the basic configuration pro-
duced relatively large, stable values of both static and dynamic deriva-
tives at M = 1.8.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., July 29, 1958.
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APPENDIX
ACCURACY

The method used to estimate the accuracy of the data was obtained
from the chapter entitled "The Precision of Measurements" in reference 1ki.
In this analysis, probable error was used to indicate the accuracy of
the results.

If a large number of direct measurements are made of a single gquan-
tity, and all deviations from some reference are noted, the magnitude
of the probable error r may be defined as such that half of the total
number of deviations are greater than r and half are legs than r.
That is, the probability that the error of a single measurement will
fall between +r and -r is one-half.

It was assumed that the flight measurements had a probable error
of +1/2 percent of the calibrated instrument range. Mach number was
also assumed to be a direct measurement to facilitate calculations.
This assumption was Jjustified by the fact that Mach numbers closely
agreed when calculated from two nearly independent sets of measurements:
from model stagnation pressure in conjunction with rawinsonde static
pressure, and from CW Doppler velocity in conjunction with rawinsonde
speed of sound. The probable error in Mach number then was estimated
from the assumed errors in rawinsonde static pressure and model stagna-
tion pressure. The assumed probable errors of the directly measured
quantities are shown in table V.

From reference 14, the probable error of the indirect measurements,
such as the final data, may be estimated by the following equation:

_ (22, [V, 2, (a2 2 R\, 2
R (5ql> r <+ (dq2> r < + (dqﬁ) A S, r, (A1)

where R 1s the probable error of the indirect quantity Q, and Q is
a function of the direct measurements 4y, 9o, qB, SR each with a

probable error of Ty, To, rB, S S In order to apply equation (Al),

the relation between the direct measurements and the final results must
be established mathematically. For instance, the lift-curve slope was
measured directly from a plot of C; against a, but for error calcu-

lations it was first necessary to assume the equation of a line passing
through at least two representative points from the measured data, and
then to express the slope of this line with respect to normal acceleration,

)




longitudinal acceleration, angle of attack, Mach number, static pressure,
model weight, and wing area. This facilitates the partial differentia-
tion of CLOL with respect to the independent variables, as required for

equation (Al). A similar technique was used for the final data, and the
estimated errors are shown in table V.
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Figure 1.- Concluded.
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Figure 3.- Flight-test conditions.
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Figure 4.~ Structural influence coefficient.
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(c) Ventral fin of models 1 and 2
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(d) Vertical tail of model 3.
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(b) Pitching moment.

Figure 6.- Continued.
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TED NO. NACA AD 398

By Andrew R. Wineman

ABSTRACT

Five models were flight tested at Mach numbers from 0.8 to 2.1 to
determine the longitudinal static and dynamic stability, lateral static
and dynamic stability, overall duct performance, and drag characteristics
of three different configurations. Longitudinal trim problems were alle-
viated through the use of canard trimmers at the cost of minimum drag.
Duct recoveries were good but spillage influenced the stability and drag
at some Mach numbers. Lateral data were obtained only at a Mach number
of 1.8 for a model with an oversized vertical tail. High roll rates
with associated coupled motions between pitch and yaw were experienced
and qualitatively analyzed for a lateral-stability model at Mach numbers
from 0.8 to 1.8.
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